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WHOLE-BRAIN FUNCTIONAL CONNECTOMIC INVESTIGATION OF 
COGNITION IN PSYCHOSIS RISK 
MELISSA HSIN-WEI HWANG 
ABSTRACT 
Background: Cognitive deficits are a core component of schizophrenia and among the 
strongest determinants of functional disability in psychotic illnesses. In particular, 
impairment in information processing speed has been demonstrated to be among the most 
significant in patients. Poor processing speed not only frequently occurs prior to psychosis 
onset during the prodromal or clinical high risk phase of psychotic illness, it has also been 
found to be a strong predictor of conversion to psychosis. However, the neurobiological 
basis of impaired processing speed in the clinical high risk population is not well 
understood. Functional connectivity during resting state fMRI provides useful insights into 
the organization and communication between brain regions that may elucidate the brain 
circuit basis underlying processing speed.  
Objective: To identify the strongest link between brain functional connectivity and a 
measure of information processing speed in individuals at clinical high risk for conversion 
to psychosis by utilizing a data-driven analysis. 
Methods: Cognitive and resting state fMRI data were collected from 198 clinical high risk 
participants and 123 neurotypical controls in the second phase of the North American 
Prodromal Longitudinal Study. Processing speed was measured by the Brief Assessment 
of Cognition in Schizophrenia Symbol Coding task. A multivariate pattern analysis was 
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used to identify, at the individual voxel level, how functional connectivity correlates with 
information processing speed. 
Results: Clinical high risk participants demonstrated significantly reduced processing 
speed, relative to neurotypical controls. Similarly, at risk patients who later converted to 
psychosis (n=17) also showed poorer performance on the BACS Symbol Coding task 
compared to non-converters. The strongest whole-brain link between connectivity and 
processing speed within the clinical high risk population was the bilateral amygdala. 
Specifically, connectivity between the bilateral amygdala and a functional brain network 
known as the salience network correlated with processing speed. 
Conclusions: Functional connectivity between the bilateral amygdala and the salience 
network was linked to individual variation in processing speed in the clinical high risk 
population. This affirmed a growing literature that implicates amygdala involvement in 
cognitive function and provides a potential biomarker for psychosis risk prior to diagnosis. 
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Cognitive Dysfunction in Schizophrenia 
Schizophrenia is a complex and debilitating psychiatric disorder characterized by 
the co-occurrence of psychosis, negative symptoms (i.e., avolition and alogia), and 
dysfunction in cognitive and emotional functions (American Psychiatric Association, 
2013; Schuitz & Andreasen, 1999). It is a significant cause of disability globally and affects 
approximately 1% of the population worldwide (Fleischhacker et al., 2014; Marder & 
Cannon, 2019). In particular, cognitive dysfunction is a central feature of schizophrenia 
(Seidman & Mirsky, 2017). Impairments in a wide range of cognitive domains are well 
described, including deficits in working memory, sustained attention, problem solving, 
processing speed, and social cognition (Heinrichs & Zakzanis, 1998; Sheffield et al., 2018). 
These deficits are strong determinants of poor functional outcome in work, academic, and 
social domains among patients with schizophrenia (Green, 2006; Velligan et al., 1997). In 
addition, anti-psychotic medications, the mainstay of treatment for schizophrenia, typically 
produce minimal improvement in cognitive function and may even worsen the severity of 
the impairment (Elie et al., 2010). 
Among the cognitive deficits present in schizophrenia, information processing 
speed, often defined as the cognitive efficiency in understanding and responding to external 
stimuli (Horning & Davis, 2012), is among the most impaired (Mesholam-Gately et al., 
2009). It has also been demonstrated to mediate impairments in other cognitive domains 
(Rodríguez-Sánchez et al., 2007). Notably, while impaired processing speed remains stable 
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across the early and chronic phases of schizophrenia, it has been found to be present in 
patients even prior to the onset of schizophrenia (Seidman et al., 2010). 
 
Disease Progression of Schizophrenia 
The presence of symptoms such as impaired processing speed prior to illness onset 
thus warrants a discussion on the disease progression of schizophrenia. Schizophrenia, like 
medical illnesses, is a disorder of phases (McGorry et al., 2006). Though full-blown 
psychotic illness typically emerges between the ages 18 and 25 (Cornblatt et al., 1999), 
there exists a prodromal phase of schizophrenia that describes a period prior to disease 
onset that reflects mild and gradual deterioration in functioning (Fusar-Poli et al., 2013). 
This parallels the concept of mild cognitive dysfunction that occurs prior to the onset of 
degenerative brain diseases like Alzheimer’s Disease. The prodromal phase has been of 
particular interest due to its potential in capturing individuals who are at risk for later 
conversion to full-blown psychotic illness. Well-established criteria for this prodromal 
phase of psychosis risk points to three specific syndromal presentations – 1) the 
development of mild disturbances in thought content and processes as well as perceptual 
abnormalities, 2) the emergence of one or more psychotic symptoms of which their 
duration is insufficient to meet diagnostic criteria for psychosis, and 3) the presence of both 
genetic risk to psychosis and functional decline (McGlashan et al., 2010; Yung et al., 2005). 
Individuals presenting with any one of these syndromes are thus considered at clinical high 
risk (CHR) for schizophrenia and other related psychotic illnesses. The construct of the 
CHR state thus presents an important period for possible early detection and intervention 
 
 3 
to ameliorate or even prevent the progression to full-blown psychosis (McGlashan & 
Johannessen, 1996; Yung et al., 2007).  
 
Impaired Information Processing Speed Is Present in the Clinical High Risk (CHR) 
Deficit in information processing speed has been observed in individuals in the 
CHR state (Erlenmeyer-Kimling et al., 2000; Hawkins et al., 2004; Jones et al., 1994; 
Seidman et al., 2010). Importantly, a number of studies have also found that slower 
processing speed is among the features present in the at risk population that later predict 
conversion to psychotic illness (Cannon et al., 2016; Seidman et al., 2010). Given that the 
functional disability associated with cognitive dysfunction in overt schizophrenia is 
mirrored in the CHR population (Niendam et al., 2006), better understanding of the deficit 
in processing speed during the CHR state is critical. This prodromal period offers a unique 
window for interventions to potentially remediate impaired processing speed with the 
hopes of improving general cognitive functioning and, in turn, functional outcome. 
 
Neurobiological Substrate of Information Processing Speed 
The underlying neurobiology of information processing speed in the CHR 
population remains unclear. Prior studies have found that deterioration in processing speed 
as part of cognitive decline in aging is associated with abnormal activity in brain regions 
such as the dorsolateral prefrontal cortex, middle frontal cortex, and other subcortical 
structures (Madden et al., 2004; Rypma & D’Esposito, 2000). White matter abnormalities 
have also been linked with slower processing speed in normal aging (Madden et al., 2009; 
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Penke et al., 2010), multiple sclerosis (Sanfilipo et al., 2006), and schizophrenia (Turken 
et al., 2008). 
Dysfunctional brain circuity has also been shown to be associated with impaired 
processing speed among patients with schizophrenia, with studies implicating aberrant 
communication between the thalamus and prefrontal and sensorimotor brain regions (Chen 
et al., 2019) as well as disrupted cerebellocortical connectivity (Clark et al., 2020). 
However, the brain circuit basis of processing speed has not been well-explored among the 
prodromal population. While a recent study identified a link between prodromal psychotic 
symptoms and dysfunction in thalamocortical circuits in CHR patients, the neurobiological 
basis of impaired processing speed in CHR was not investigated (Anticevic et al., 2015). 
As such, further study is necessary. 
 
Functional Connectivity Underlying Information Processing Speed in CHR 
Functional magnetic resonance imaging based on task-activation or during resting 
state has been widely used to study the underlying neurobiology of schizophrenia 
(Mwansisya et al., 2017). Task-activation imaging measures the activation of brain regions 
in response to specific in-scanner tasks, while resting state functional magnetic resonance 
imaging (rsfMRI) is performed task-free while participants are awake but at rest. RsfMRI 
is a useful approach that measures changes in the blood oxygen level dependent (BOLD) 
signal during resting state as an indirect indicator of neuronal activity and, in turn, brain 
function. Schizophrenia is a disease that is not easily reducible to or represented by a 
specific task, and as such, rsfMRI has an important advantage over task-activation imaging 
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as the preferred method for making correlations between brain activity and disease 
presentation. 
Specifically, functional connectivity during rsfMRI is capable of demonstrating the 
integration (or disintegration) between brain regions and has been critical in revealing 
intrinsic, distributed functional networks of the brain (Power et al., 2011; Yeo et al., 2011). 
Numerous studies to date have utilized functional connectivity based on rsfMRI to 
elucidate the pathophysiology of psychosis, from abnormal connectivity within specific 
brain networks (e.g., default mode network) and the disintegration of network organization 
in general to the dysfunctional interactions between brain regions that contribute to specific 
symptoms of schizophrenia (see, e.g., Brady et al., 2019; Sheffield & Barch, 2016; Shinn 
et al., 2013; Whitfield-Gabrieli et al., 2009). Functional connectivity thus provides a 
valuable method to identify the brain region(s) that may serve as the neurobiological 





Cognitive deficits are among the strongest determinants of functional disability in 
schizophrenia (Green, 2006). Among these, information processing speed is often the most 
impaired and has been consistently demonstrated to occur prior to the onset of overt 
psychotic illness (Mesholam-Gately et al., 2009; Sheffield et al., 2018). However, the 
neurobiological underpinning of processing speed is not well understood. Early 
intervention that specifically targets the brain correlates of processing speed during the 
CHR state may be able to ameliorate the severity of the cognitive deficit and in turn 
improve functional outcome. 
This study sought to examine the brain circuit basis of individual variation in 
processing speed. Using an entirely data-driven analytic method, this study sought to 
identify the strongest links between functional connectivity and a measure of processing 






Study participants were recruited as part of phase two of the North American 
Prodrome Longitudinal Study (NAPLS), a consortium of eight programs studying the 
psychosis prodrome longitudinally in North America (Addington et al., 2012). The sites 
are located at Harvard University, Emory University, University of California at Los 
Angeles, University of California at San Diego, University of North Carolina at Chapel 
Hill, Yale University, Zucker Hillside Hospital, and University of Calgary in Canada. 
Participants were help-seeking individuals who were self-referred in response to 
community education efforts or referred from social service agencies, healthcare providers, 
and educators.  
198 CHR and 123 neurotypical control (NC) participants provided baseline 
cognitive and neuroimaging data. Informed consents were obtained for all participants, and 
the study protocols and procedures were approved by the ethical review boards of all sites 
in the NAPLS consortium. 
All CHR participants met the Criteria of Prodromal Syndromes (COPS) based on 
the Structured Interview for Prodromal Syndromes (SIPS) (McGlashan et al., 2010). A 
brief summary of COPS can be found in Appendix A. CHR participants did not have an 
existing diagnosis of psychotic disorder, a central nervous system disorder, an estimated 
intelligent quotient below 70, or substance dependence based on the Diagnostic Statistical 
Manual IV (DSM-IV) in the past six months (First et al., 1995). NC participants did not 
meet criteria for any prodromal syndrome as well as past or current psychotic or personality 
8 
disorders, or had any first-degree relatives with a history of psychotic symptoms or 
psychotic disorders. 
Clinical Assessments 
Information processing speed was assessed by the Brief Assessment of Cognition 
in Schizophrenia (BACS) Symbol Coding task (Keefe et al., 2004). Briefly, participants 
are instructed to match numerals ranging from one to nine to corresponding symbols with 
the use of a key that is provided. They have 90 seconds to complete as many matches as 
possible. Age and sex normed T scores were used in this analysis. 
Severity of prodromal symptoms was measured by the Scale of Prodromal 
Symptoms (SOPS) (Miller et al., 2003). SOPS is a 19-item assessment that contains four 
subscales for Positive, Negative, Disorganization, and General Symptoms. Transition to 
psychotic illness was determined by meeting criteria for the Presence of Psychotic 
Symptoms (POPS) assessment (Miller et al., 2003). Participants were followed up to the 
time of conversion to psychosis or up to 2 years following the baseline evaluation. Of the 
198 CHR participants, 17 individuals or ‘converters’ later developed a psychotic illness. 
The remaining 181 CHR participants were ‘non-converters’ who did not go on to develop 
psychosis. 
MRI Data Acquisition 
RsfMRI data were acquired at all eight NAPLS sites. Five sites (University of 
California at Los Angeles, Emory University, Harvard University, University of North 
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Carolina at Chapel Hill, and Yale University) used Siemens-Trio 3T scanners. Two sites 
(Zucker Hillside Hospital and University of California at San Diego) used General Electric 
HDx Signa scanners, while one site (University of Calgary in Canada) used a General 
Electric Discovery scanner. 
While scanners differed between sites, the functional imaging protocols were 
consistent. Functional MRI runs were collected using a T2-weighted gradient-echo, echo-
planar imaging sequence (TR/TE 2000/30 milliseconds, flip angle 77°, field of view 
22x22cm, and voxel size 3.4 x 3.4 x 4.0 millimeter). All participants underwent a resting 
state scan and were instructed to stay awake and keep their eyes open for the duration of 
the scan. Each functional scan lasted 5.13 seconds, which resulted in 154 volumes (30 
slices/volume with inter-slice gap of 1 mm). Structural MRI data were acquired using T1-
weighted, gradient echo sequences in the sagittal plane. 
 
MRI Data Processing 
Imaging data were processed using DPABI image processing software (Yan et al., 
2016). The first four volumes of the functional runs were removed to minimize the effects 
of initial scanner signal stabilization. Functional and structural images were then co-
registered. Structural images were normalized and segmented into gray and white matter 
and cerebrospinal fluid (CSF) partitions with the DARTEL technique (Ashburner, 2007). 
The functional images then underwent slice-timing correction, followed by realignment. 
Framewise displacement (FD), or the total of the absolute values of the realignment 
parameter derivatives, was calculated for all volumes in each resting state scan (Power et 
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al., 2012). FD values thus represented how much the head has changed position from one 
volume to the next during the functional scan. Scan volumes with a FD greater than 0.2 
mm were removed. Head motion effects as well as CSF, white matter, and global signals 
were regressed from the realigned data. Following regression of nuisance covariates, the 
functional data were then normalized into MNI space, band-pass filtered for low frequency 
(0.01 – 0.08 Hz) signals, and smoothed by a 8 mm3 full-width at half maximum Gaussian 
kernel. The voxels within the boundaries of a group-derived gray matter mask were then 
used for further analysis. 
Imaging data included in further analyses met rigorous quality assurance criteria. 
Head motion in functional runs did not exceed 3 mm or 3° of maximum rotation. Scans 
with more than 50% of volumes with less than 0.2 mm of FD were included for analysis. 
 
Functional Connectivity Analysis 
Multivariate Distance Matrix Regression 
A data-driven brain connectome-wide analysis among the CHR participants was 
performed to identify the brain basis of information processing speed using multivariate 
distance matrix regression (MDMR). MDMR was initially developed to test the 
relationships between gene expression and related variables (Zapala & Schork, 2006). It 
was subsequently adapted to investigate the association between variables of interest and 
whole-brain functional connectivity (Shehzad et al., 2014). In fact, recent studies have 
capitalized on the data-driven approach of MDMR to demonstrate that individual variation 
in brain network functional connectivity, specifically the variation in topographic 
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arrangement of networks, is linked to negative symptoms and social cognition in 
schizophrenia (Ling et al., 2019; Nawaz et al., 2021). The MDMR performed in this study 
was modeled after the approach taken by Ling et al. and Nawaz et al. 
First, the BOLD signal time course of a voxel in a participant’s resting state scan 
was used to calculate the temporal Pearson’s correlation coefficients between that voxel 
and all other gray matter voxels in that scan. This was performed for all voxels in each scan 
and resulted in a seed-to-voxel connectivity map for each participant. Next, the temporal 
correlation coefficients of the voxels in a participant's connectivity map were correlated 
with the values of corresponding voxels in connectivity maps of other participants. This 
correlation coefficient represented a measure of the similarity or dissimilarity of whole-
brain connectivity to that voxel between participants. In other words, it also illustrated how 
dissimilar or distant two participants may be in terms of their connectivity. These 
calculations were repeated for all participants to generate a matrix of between participant 
distances in connectivity. The third step of MDMR consisted of an ANOVA-like test which 
generated a F-statistic that assessed the relationship between the variable of interest (in this 
case, BACS Symbol Coding score) and the dissimilarities in functional connectivity 
between participants generated in the previous step. The final result was a whole-brain map 
of how significantly BACS Symbol Coding score was related to connectivity at every voxel. 
To correct for multiple comparisons, non-parametric permutations were calculated 
for voxels that exceeded the significance threshold of p < 0.001 as well as clusters of voxels 
that met an extent threshold of p < 0.05, with a null distribution calculated from 5000 of 
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such permutations. Covariates of non-interest included in this analysis were age, sex, and 
MRI scanner site.  
In summary, MDMR was used to identify brain regions where functional 
connectivity varied most significantly with BACS Symbol Coding score. From the final 
whole-brain map generated by MDMR, region(s) of interest (ROI) for follow-up analysis 
were thresholded at the voxel-wise level of p < 0.001 and then extracted using AFNI, a 
software used in the analysis and display of fMRI data (Cox, 1996). 
 
Seed-based Connectivity Analyses 
Seed-based connectivity analyses were conducted to follow-up MDMR. While 
MDMR provided a data-driven way to identify brain regions that significantly varied with 
information processing speed, it did not provide information on the regions to which the 
MDMR-identified ROI were potentially functionally connected nor the direction of these 
connections. As such, follow-up seed-based connectivity analyses were performed. DPABI 
imaging processing software was used to extract the BOLD signal time course in the ROIs 
generated by MDMR. Whole-brain maps of z-transformed Pearson’s correlation 
coefficients were generated and input into SPM12 (Statistical and Parametric Mapping, 
http://www.fil.ion.ucl.ac.uk/spm). The maps were then regressed against BACS Symbol 
Coding score to demonstrate how whole-brain functional connectivity to the MDMR-
derived ROIs varied with information processing speed. Age, sex, and MRI scanner site 
were included in the analysis as covariates of non-interest. This step generated T contrast 
maps which were extracted as binarized ROIs thresholded at p < 0.05. 
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A ROI-to-ROI analysis was then performed using DPABI to examine functional 
connectivity between the MDMR-derived ROIs and the brain regions shown to be 
associated with BACS Symbol Coding score in the regression. Z-transformed Pearson’s 
correlation coefficients were extracted from the ROI-to-ROI analysis for all participants. 
 
Correlations between Seed-based Connectivity and Information Processing Speed 
Bivariate correlations were calculated in SPSS between information processing 
speed and the z-transformed correlation coefficients for each group of participants. To 
control for the effects of antipsychotic medication, partial correlations were calculated 
using antipsychotics dosage in chlorpromazine equivalents (CPZE) as a covariate of non-
interest. To account for head movement effects in the scanner, the partial correlations were 
re-run with mean FD as a covariate.  
Cognitive dysfunction and negative symptoms have been shown to be correlated in 
schizophrenia (Heydebrand et al., 2004). In addition, prior studies have demonstrated that 
along with cognitive deficits, prodromal positive symptoms, disorganized communication, 
and other factors like age, were able to predict later transition to psychosis (Addington et 
al., 2017; Cornblatt et al., 2015). As such, functional connectivity and prodromal symptom 
severity as measured by SOPS were also correlated to rule out the possibility that clinical 





Statistical analyses comparing demographics and clinical information between 
groups as well as partial correlations were conducted in SPSS (IBM SPSS Statistics for 
Macintosh, Version 27). The significance of the difference between correlation coefficients 
was calculated using http://vassarstats.net/rdiff.html.  
 
Figure Generation 
FSL, a library of analysis tools for brain imaging data, was used to visualize and 





Deficit in Speed of Information Processing Speed in CHR 
As expected, CHR participants had lower BACS Symbol Coding scores (i.e., 
slower information processing speed) relative to NC participants (Table 1). Within the 
CHR sample, converters were also more impaired in processing speed compared to non-
converters (Appendix B). 
Demographics and other clinical characteristics of the participants were analyzed 
as well (Table 1). Additional breakdown of demographic and clinical data between the 




Table 1. Demographic and Clinical Characteristics of Participants. 






Mean Age (SD) 19.31 (3.93) 20.12 (4.33) t(319) = -1.735 
 
p = 0.084 
Sex   χ = 2.561 p = 0.110 
    Male 121 64   
    Female 77 59   
BACS Symbol 
Coding  




28.06 (10.99) 3.82 (3.99) t(269.8) = 
28.17 
p < 0.001 
    Positive  
    (SD)† 
3.02 (1.43) 0.19 (0.49) t(262.18) = 
25.56 
p < 0.001 
    Negative  
    (SD)†  
11.24 (6.15) 1.53 (2.02) t(258.82) = 
20.51 
p < 0.001 
    Disorgani- 
    zation (SD)† 
5.29 (3.40) 0.60 (0.88) t(236.96) = 
18.46 
p < 0.001 
    General (SD)† 8.51 (4.28) 1.50 (2.09) t(304.70) = 
19.56 
p < 0.001 
Mean CPZE 
(SD)† 
43.99 (109.10) 0.03 (0.37) t(195.01) = 
5.641 
p < 0.001 
Mean FD mm 
(SD) 
0.15 (0.05) 0.14 (0.05) t(319) = 1.253 p = 0.211 
Note: SD, standard deviation; CPZE, chlorpromazine equivalents; FD, framewise displacement. 
Two CHR and four NC participants were missing medication data and thus were disregarded in the 
statistical test. †Levene’s Test for Equality of Variances was statistically significant (p < 0.05), and 




Functional Connectivity in the Bilateral Amygdala Is Linked to Information 
Processing Speed 
From the MDMR analysis performed across 198 CHR participants, no cerebral 
cortical regions met the voxel-wise p < 0.001 and cluster extent p < 0.05 thresholds. 
However, two subcortical regions identified as the bilateral amygdala were found to have 
functional connectivity that correlated significantly with BACS Symbol Coding score 
(Figure 1) at the voxel-wise threshold of p < 0.001. The center of gravity of the right 
amygdala ROI, which measures 24 voxels, is located at the MNI coordinates x20 y4 z-24. 
The center of gravity of the left amygdala ROI (20 voxels) is located at the MNI coordinates 
x-28 y4 z-19. While the cluster extent threshold was not met, the validity of the amygdala 
finding is supported by its bilateral presence and the fact that bilateral amygdala 
represented the strongest connectivity that was most significantly associated with 
information processing speed.  
 
 
Figure 1. Functional Connectivity of Bilateral Amygdala was Most Significantly 




Amygdala Connectivity with the Salience Network Is Linked to Information Processing 
Speed 
The MDMR-identified bilateral amygdala were then used as ROIs in seed-based 
functional connectivity analyses. This revealed that information processing speed was 
linked to connectivity between the amygdala and a series of brain regions whose 
spontaneous brain activity has traditionally been correlated with the anterior insula (Figure 
2). These regions are members of a functional brain network commonly referred to as the 





Figure 2. Bilateral Amygdala Connectivity to the Salience Network. Follow-up seed-
based connectivity analysis was performed using the MDMR-generated bilateral amygdala 
ROIs in the CHR group. A. Right amygdala ROI functional connectivity to the salience 





CHR participants with lower BACS Symbol Coding scores (i.e., slower processing 
speed) demonstrated reduced connectivity between bilateral amygdala and the salience 
network (Figures 3A and 4A). Inversely, faster processing speed was associated with 
stronger functional connectivity between these regions among the at risk participants. 
Comparatively, no significant associations were observed between amygdala-salience 






Figure 3. Information Processing Speed was Significantly Correlated with Right 
Amygdala-Salience Network Functional Connectivity. A. Scatterplot of BACS Symbol 
Coding score (y-axis) and connectivity between the MDMR-generated right amygdala ROI 
and salience network among CHR participants. Lower BACS Symbol Coding scores were 
significantly correlated with reduced connectivity between right amygdala and the salience 
network in the CHR group. B. Scatterplot of BACS Symbol Coding score and right 
amygdala-salience network connectivity among NC participants. No significant correlation 





Figure 4. Information Processing Speed was Significantly Correlated with Left 
Amygdala-Salience Network Functional Connectivity. A. Scatterplot of BACS Symbol 
Coding score (y-axis) and connectivity between the MDMR-generated left amygdala ROI 
and salience network among CHR participants. Lower BACS Symbol Coding scores were 
significantly correlated with reduced connectivity between left amygdala and the salience 
network in the CHR group. B. Scatterplot of BACS Symbol Coding score and left 
amygdala-salience network connectivity among NC participants. No significant correlation 




Within the CHR sample, both the converters and non-converters demonstrated 
similar relationships between information processing speed and bilateral amygdala-
salience network connectivity (i.e., higher BACS Symbol Coding scores were correlated 
with greater functional connectivity) (Figure 5). The correlation coefficients between 
processing speed and bilateral amygdala-salience network connectivity of the converters 
and non-converters were also similar in strength. There were no significant differences 
between converters and non-converters in the correlation strengths between processing 
speed and right amygdala-salience connectivity (p = 0.667) and between processing speed 





Figure 5. Within the CHR Group, Information Processing Speed was Significantly 
Correlated with Amygdala-Salience Network Functional Connectivity in Non-
Converters. The converters and non-converters both demonstrated similar directions and 
strengths in the correlation coefficients between BACS Symbol Coding score and bilateral 
amygdala-salience network connectivity. No significant correlations were observed in the 
converters. A. Scatterplot of BACS Symbol Coding score (y-axis) and connectivity 
between the MDMR-generated right amygdala ROI and salience network in the CHR. B. 
Scatterplot of BACS Symbol Coding score (y-axis) and connectivity between the MDMR-
generated left amygdala ROI and salience network in the CHR.   
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Medication and head movement during the rsfMRI scan did not have any 
significant effect on the findings (Appendix D). Interestingly, SOPS positive symptoms 
subtotal was found to be significantly correlated with the z-transformed Pearson’s 
correlation coefficients between the left amygdala and the salience network (Appendix C). 
A partial correlation controlling for SOPS positive symptom score demonstrated that the 
functional connectivity pattern observed in the findings were not related to severity of 





There is substantial evidence to support the presence of reduced information 
processing speed in the CHR during the prodromal phase of psychotic illness (Mesholam-
Gately et al., 2009; Niendam et al., 2006; Seidman et al., 2010; Sheffield et al., 2018). In 
conjunction with other cognitive deficits, impaired processing speed has also been used to 
predict conversion to overt psychotic illness (Cannon et al., 2016; Pukrop et al., 2007; 
Riecher-Rössler et al., 2009). However, its neurobiological correlate has been unclear. In 
this study, an entirely data-driven analytic method revealed that intrinsic functional 
connectivity between the bilateral amygdala and the salience network is linked to 
individual variation in information processing speed. Specifically, slower processing speed 
is significantly correlated with reduced connectivity between the amygdala and the salience 
network among the CHR for psychosis, relative to neurotypical individuals. 
First of all, the finding of amygdala involvement in a cognitive process like 
information processing speed was initially unexpected. The amygdala has traditionally 
been considered to be involved in processing of emotionally salient stimuli that facilitates 
fear conditioning and the vigilance response (LeDoux, 2000, 2003). In addition, while a 
handful of studies have demonstrated aberrant amygdala connectivity in association with 
early course and chronic schizophrenia, they have generally focused on amygdala-
prefrontal and amygdala-sensorimotor connectivity in relation to psychotic symptoms such 
as disorganization and unusual thought content (Kim et al., 2020; Liu et al., 2014; Zhang 
et al., 2020). Amygdala-brainstem dysconnectivity has been implicated in the CHR 
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population (Anticevic et al., 2015; Kim et al., 2020); though, as with the findings in 
schizophrenia, the link between the amygdala and cognitive function remains elusive. 
There exists an often-overlooked literature that suggests that the amygdala is, in 
fact, involved in higher order cognitive functions (Holland & Gallagher, 1999; Pessoa, 
2010; Sander et al., 2003). Specifically in relation to processing speed, it has been 
demonstrated that increased amygdala activity predicted faster response time in a working 
memory task (Schaefer et al., 2006). Though the amygdala has long been charged with the 
responsibility of detecting emotionally salient stimuli to elicit appropriate behavioral 
responses (Davis & Whalen, 2001), it may in reality be responsible for processing a much 
broader category of relevant stimuli beyond just the emotionally-valenced (Sander et al., 
2003; West et al., 2021). The selective attention necessary for detection of relevant 
information may thus also facilitate proper functioning of cognitively oriented tasks as 
well. Neuroanatomical evidence also supports amygdala involvement in cognitive 
processes, providing the foundation for communication between the amygdala and cortical 
brain regions generally involved in higher order processes. Neuronal projections have been 
demonstrated to extend from the amygdala to frontal lobe regions, such as the orbitofrontal 
cortex and the medial prefrontal cortex (Ghashghaei & Barbas, 2002) implicated in 
impaired executive functioning in schizophrenia (Chai et al., 2011). 
The finding of amygdala connectivity to the salience network in information 
processing speed is functionally supported as well. The salience network, which has also 
been referred to by other names such as the ventral attention network (Corbetta et al., 2008; 
Uddin, 2016), is an intrinsically connected, distributed brain network anchored in the 
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anterior insula that, like the amygdala, is responsible for the detection and selection of 
salient stimuli (Menon & Uddin, 2010). The salience network further extends its role by 
involving itself in the recruitment of relevant brain networks to generate appropriate 
responses to said stimuli as well (Menon, 2015). In fact, the amygdala, specifically the 
sublenticular extended amygdala, is considered a node of the salience network (Menon, 
2015). 
In addition, it has been suggested that the salience network facilitates task 
performance by serving as the switch for the simultaneous upregulation of the central 
executive network and downregulation of the default mode network (Menon, 2015). This, 
in turn, allows the central executive network to focus attentional resources to support 
proper functioning of cognitive processes such as the ability to process information 
efficiently. As such, it is not surprising that dysconnectivity within the salience network 
has previously been implicated in impaired information processing in schizophrenia (White 
et al., 2010).  
Nonetheless, the potential clinical applications of this study’s findings are 
promising. Deficit in processing speed has been consistently shown to be present during 
the prodromal phase of schizophrenia and has been used to predict conversion to psychotic 
illness. An understanding of the underlying neurobiological mechanism of impaired 
processing speed may serve as a useful and measurable indicator of cognitive deterioration 
signifying progression towards full-blown psychotic illness. Early detection of psychosis 
risk may be accomplished through utilizing biomarkers such as the dysconnectivity 
between the amygdala and salience network identified in this study. Though the significant 
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positive correlation between bilateral amygdala-salience network connectivity and 
processing speed among the CHR sample was mainly driven by the non-converters, both 
the converters and the non-converters demonstrated approximately the same strengths and 
directions of the correlations (Figure 5). In other words, impaired processing speed is most 
likely associated with reduced amygdala-salience network connectivity among converters 
to psychosis. It is highly possible that with a larger sample, the relationship between 
impaired processing speed and connectivity in converters would be further revealed. 
Given processing speed’s role in mediating impairments in other cognitive domains 
as well as the functional disability associated with cognitive decline in the disease course 
of schizophrenia, early detection of this deficit necessitates early intervention. The 
localization of impaired processing speed demonstrated in this study points to promising 
targeted interventions that can induce change in brain connectivity patterns to improve 
cognitive function. The use of neuromodulations (e.g., repetitive transcranial magnetic 
stimulation) has been effective in targeting functional connectivity changes to effect 
improvement in memory performance (Wang et al., 2014). A future study that utilizes 
interventions designed to target the brain regions implicated by this study may be able to 
substantiate the correlative evidence of amygdala-salience network involvement in 
processing speed found in this study. 
 
Limitations and Future Direction 
A notable limitation of this study includes the fact that while the MDMR findings 
in the amygdala met the voxel-wise threshold of p < 0.001, they did not meet the cluster 
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extent threshold of p < 0.05. However, given that the findings were bilateral and 
demonstrated the strongest association with information processing speed, it was deduced 
to likely represent brain regions that are physiologically relevant to the cognitive feature 
of interest here. This was confirmed when the seed-based connectivity analysis 
demonstrated that the MDMR-generated bilateral amygdala ROIs were functionally 
connected with the salience network, of which the amygdala is a known node. In addition, 
cluster extent thresholding has been shown to pose a challenge to the study of anatomic 
regions that are smaller in size such as the amygdala, since larger voxel clusters are more 
likely to pass extent thresholding (Woo et al., 2014). Given the greater spatial extent 
allowed in the cerebral cortex, it is more likely for cortical voxel clusters to meet 
significance, rather than smaller subcortical structures like the amygdala to meet threshold 
in whole-brain analysis. This further argues for the validity of this study’s findings, since 
the bilateral amygdala identified in MDMR demonstrated the strongest association with 
information processing speed among CHR participants. It is possible that these subcortical 
regions may reach cluster extent significance in future studies with greater sample sizes. 
Another limitation lies in that the findings of this study were inherently 
correlational. Though an entirely data-driven method was taken in this study, it remains 
unclear whether there is a direct causal relationship between dysconnectivity between 
amygdala and the salience network and impaired information processing speed among the 
CHR. It is possible that the dysconnectivity resulted as a compensatory mechanism in 
response to the processing speed deficit; or, there may be a third psychopathological 
phenomenon unknown to us that gave rise to both impaired processing speed and brain 
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connectivity (Etkin, 2018). As such, future intervention designs may be able to utilize 




Appendix A. Criteria of Psychosis-Risk Syndromes (COPS). 
The Criteria of Psychosis-Risk Syndromes (COPS) is a part of the Structured 
Interview for Prodromal Syndromes (SIPS) and often used to determine whether an 
individual meets criteria as clinical high risk (CHR) for conversion to psychosis 
(McGlashan et al., 2010). Three types of psychosis-risk syndromes are described by 
McGlashan et al., and individuals can meet criteria for one or more syndrome types to be 
considered CHR. The first psychosis-risk syndrome is Brief Intermittent Psychotic 
Syndrome (BIPS). It is defined as the emergence of positive psychotic symptoms, such as 
delusions or hallucinations, that are very brief in duration (i.e., lasting several minutes a 
day occurring at least once a month) and as such does not meet criteria for full-blown 
psychotic illness. The second type is Attenuated Positive Symptom Syndrome (APSS), 
which describes the presence of positive psychotic-like symptoms that are severe enough 
to be distressing and disabling but exist below the threshold for full psychosis. The final 
psychosis-risk syndrome is Genetic Risk and Deterioration Syndrome (GRDS). GRDS 
describes the combined genetic risk for schizophrenia and related psychotic illnesses as 




Appendix B. Demographic and Clinical Characteristics of CHR Participants. 
 
 Converters Non-Converters Statistic Significance 
Mean Age (SD) 18.59 (4.14) 19.38 (3.91) t(196) = -0.790 
 
p = 0.431 
Sex   χ = 0.703 p = 0.402 
    Male 12 109   
    Female 5 72   
BACS Symbol 
Coding  
35.12 (13.50) 44.23 (14.08) t(196) = -2.559 p = 0.011 
SOPS Total 
(SD) 
30.12 (8.67) 27.86 (11.19) t(196) = 0.808 p = 0.420 
    Positive  
    (SD) 
3.29 (1.31) 2.99 (1.44) t(196) = 0.841 p = 0.402 
    Negative  
    (SD)  
11.29 (6.59) 11.24 (6.13) t(196) = 0.036 p = 0.971 
    Disorgani- 
    zation (SD) 
7.47 (3.84) 5.09 (3.29) t(196) = 2.811 p = 0.005 
    General (SD)† 8.06 (2.97) 8.55 (4.39) t(23.16) =  
-0.618 
p = 0.543  
Mean CPZE 
(SD)† 
90.44 (154.97) 39.58 (103.22) t(17.37) = 
1.326 
p = 0.202 
Mean FD mm 
(SD) 
0.15 (0.05) 0.15 (0.05) t(196) = 0.008 p = 0.994 
 Note: SD, standard deviation; CPZE, chlorpromazine equivalents; FD, framewise displacement. 
Two non-converters were missing medication data and thus were disregarded in the statistical 
test. †Levene’s Test for Equality of Variances was statistically significant (p < 0.05), and so 




Appendix C. Bivariate Correlations between Bilateral Amygdala-Salience Network 
Connectivity and Prodromal Symptoms Severity.  
 




-- -- -- -- -- -- 
2 SOPS Total -0.065 -- -- -- -- -- 
3 Positive 
Symptoms 
-0.054 0.167* -- -- -- -- 
4 Negative 
Symptoms 
-0.060 0.864** -0.011 -- -- -- 
5 Disorganization 
Symptoms 
-0.041 0.657** 0.021 0.413** -- -- 
6 General 
Symptoms 
-0.029 0.749** 0.095 0.458** 0.293** -- 
 




-- -- -- -- -- -- 
2 SOPS Total -0.106 -- -- -- -- -- 
3 Positive 
Symptoms 
-0.152* 0.167* -- -- -- -- 
4 Negative 
Symptoms 
-0.080 0.864** -0.011 -- -- -- 
5 Disorganization 
Symptoms 
-0.003 0.657** 0.021 0.413** -- -- 
6 General 
Symptoms 
-0.105 0.749** 0.095 0.458** 0.293** -- 
Note: *Correlation was significant at the 0.05 level (2-tailed). **Correlation was significant at the 




Appendix D. Partial Correlations with Covariates of Non-Interest 
To control for antipsychotic medication regime, head movement during rsfMRI, 
and prodromal positive symptoms, partial correlations between BACS Symbol Coding 
score and amygdala-salience network functional connectivity were calculated with the 
aforementioned covariates of non-interest. The results were as follows: 
 
Antipsychotic medication dosage (CPZE): 
Right amygdala-salience network connectivity: r = 0.433, p = 2.537 x 10-10 
Left amygdala-salience network connectivity:  r = 0.437, p = 1.736 x 10-10 
 
Head movement (mean FD): 
Right amygdala-salience network connectivity: r = 0.420, p = 7.711 x 10-10 
Left amygdala-salience network connectivity:  r = 0.436, p = 1.479 x 10-10 
 
Prodromal Positive Symptoms: 
Right amygdala-salience network connectivity: r = 0.433, p = 2.126 x 10-10 
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